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Introduction
Schizophrenia (SCZ) can be a chronic, debilitating psychiatric 
disorder; it affects approximately 1% of the adult population (1). 
Neuroimaging has consistently demonstrated widespread struc-
tural and functional brain abnormalities (2–5). Unaffected fam-
ily members and twins of patients, in some cases, show subtle 
abnormalities in brain structure and function (6), supporting the 
theory that genetic factors play a major role in the development 
of the disorder. Numerous genome-wide studies have identified 
regions of the genome that harbor risk genes for SCZ (7, 8). These 
effects are often small and can be difficult to interpret biologi-
cally; individually, their downstream effects may reveal relatively 
little about the mechanistic basis of SCZ. In contrast, rare, highly 
penetrant variants account for a small fraction of the liability 
— but their high correlation with the disease phenotype makes 
these mutations ideal as potential models of SCZ. The disrupted 
in schizophrenia 1 (DISC1) gene locus is a particular case. DISC1 
was originally identified in a large Scottish family (9), spanning 
the chromosome 1 breakpoint of balanced chromosomal trans-
location t(1;11)(q42.1;q14.3) (10). A majority of the family mem-
bers with this chromosomal abnormality have a heavy burden 
of major psychiatric disorders, but no physical, neurological, or 
dysmorphic conditions (11). The involvement of the DISC1 path-
way in psychiatric disorders has since been reported in genetic 
association studies within different pedigrees and more diverse 
populations (12–17). DISC1 continues to feature strongly when 
considering genome-wide associations in terms of gene networks 
or in combination with biological function (18–20). However, 
large-scale genome-wide approaches have not identified a clear 
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patients from the SCZ group had complete quality controlled 
data. We manually selected 24 participants from the HC group to 
match the 24 patients in the SCZ group for age and sex in a pair-
wise fashion (Table 1). For the family cohort of translocation car-
riers (T+) (n = 12) and noncarriers (T–) (n = 18), all 30 participants’ 
data passed quality control. Similarly, all data from patients 
recruited with bipolar disorder type I (BP) passed quality control.
DISC1 translocation and SCZ. Each participant in the T+ group 
had a psychiatric diagnosis with varying degrees of severity and a 
range of DSM-IV categories (Table 2). Diagnoses included major 
depression, psychosis phenotypes (SCZ and schizoaffective), and 
bipolar phenotypes (BP and cyclothymia). Three of the 18 family 
members without the translocation had a history of depression, 
but none were suffering from a current mental disorder.
Statistically significant performance was found for 3 of the 
imaging measures: cortical surface area (AUC, 0.71; accuracy, 
66.7%; P < 0.005), cortical thickness (AUC, 0.70; accuracy, 
68.8%; P < 0.005 by permutation), and regional cerebral blood 
flow (rCBF) (AUC, 0.82; accuracy, 77.1%; P < 0.001). The model 
trained on the subcortical volumes did not reach significance. 
No statistically significant correlation was observed between the 
predictive probabilities of belonging to the SCZ group and dose 
of antipsychotic medication, as estimated by the chlorpromazine 
equivalents. The brain regions driving the model are visualized 
as weights displayed on the cortical surface in Figure 1A. These 
weights are all less than zero, which suggests widespread thinning 
of the cortex in the SCZ group. This is confirmed by data shown in 
Figure 1B, where we show that cortical thickness in both the left 
and right hemispheres is significantly reduced in the SCZ group 
when compared with the HC group (all 4 groups were matched 
for age and sex). Qualitatively, we note that the temporal lobe and 
precentral gyrus are strongly weighted regions.
The translocation family members were then used as a test 
set for the 3 successful models (see Table 1 for the subject charac-
teristics of the family members). The results are displayed as con-
tingency tables in Figure 2. For cortical thickness, 72.2% (13/18) 
of the T– group were classified as belonging to the HC group and 
83.3% (10/12) of the T+ group were classified as belonging to the 
SCZ group (P < 0.01). For cortical surface area, 66.7% (12/18) of 
the T– group were classified as belonging to the HC group and 
association between DISC1 locus variants and SCZ (7). Therefore, 
although still of considerable interest for psychiatry, the status of 
DISC1 as a risk factor for SCZ has been debated (21, 22).
The most commonly reported neurobiological phenotypes 
in animal models with mutations at DISC1 are enlarged ven-
tricles (23–26), cortical thinning (23), reduced cortical volume 
(25), reduction in parvalbumin GABAergic neurons (24, 25), 
and behavioral changes that together are suggestive of SCZ-like 
phenotypes (23–26). The brain-related phenotype in humans 
has been studied in the context of SNPs within DISC1. Cannon 
et al. (27) found that haplotype blocks of SNP markers spanning 
the DISC1 and translin-associated factor X genes were associ-
ated with reduced gray matter density in the prefrontal cortex 
as well as several quantitative endophenotypic traits previously 
observed to covary with SCZ. Brauns et al. (28) examined the 
effect of DISC1 SNPs on brain structure and function in healthy 
volunteers. For a particular SNP, they reported reduced cortical 
thickness in the left supramarginal gyrus. Carless et al. (29) inves-
tigated the brain-related phenotype in a large pedigreed cohort. 
They reported that variations in DISC1 were most significantly 
associated with cortical thinning in regions often implicated in 
psychiatric disorders (30–32). Callicott et al. (33) used functional 
neuroimaging to show that an interaction between DISC1 and 
GABA signaling via SLC12A2 has demonstrable effects on adult 
human hippocampal area function in vivo.
Here, we investigated whether members of the original Scot-
tish family carrying the DISC1 translocation have a common brain-
related phenotype. Based on studies in experimental animals and 
humans, we expected widespread reductions in cortical thickness 
in DISC1 translocation carriers. Importantly, we investigated how 
similar the neurophenotype is to what we observe in patients with 
SCZ using multivariate pattern recognition techniques (34). This 
methodology enabled us to train a model to separate healthy con-
trols (HC) and patients and to apply this model to translocation 
carriers and noncarriers.
Results
Participants. Following quality control of the imaging data, 5 par-
ticipants from the group of patients diagnosed with SCZ and 1 
participant from the group of HC were excluded. Therefore, 24 
Table 1. Subject characteristics
HC SCZ T+ T– T–ʹ
n 24 24 12 18 14
Age (yr; mean ± SD) 38.4 ± 10.9 38.5 ± 12.1 53.9 ± 16.3 37.9 ± 20.34 43.6 ± 19.6
Sex 17 M, 7 F 17 M, 7 F 6 M, 6 F 11 M, 7 F 8 M, 6 F
PANSS total score 31.7 ± 4.7 52.7 ± 17.98 49.1 ± 25.7 32.7 ± 5.2 33.5 ± 5.2
PANSS negative score 7.1 ± 0.3 13.2 ± 6.4 10.4 ± 10.2 7 ± 0 7 ± 0
PANSS positive score 7.2 ± 0.6 12.8 ± 5.6 11.0 ± 6.9 7 ± 0 7 ± 0
PANSS general score 17.4 ± 4.5 28.0 ± 9.1 29.5 ± 10.8 19.5 ± 7.1 20.5 ± 7.1
Antipsychotic dose (chlorpromazine 
equivalents, mg)
0 ± 0 445.9 ± 408.6A 109.1 ± 242.7B 0 ± 0 0 ± 0
HC and SCZ patients were age and sex matched. Values presented are mean ± SD. AFive patients were not medicated at the time of scanning. BOnly 2 
subjects were medicated at the time of scanning, with a chlorpromazine equivalent of 600 mg per participant.
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the HC versus SCZ on a group of patients diagnosed with BP (age, 
43.4 ± 13.2 years; sex, 13 M, 7 F). We found that 45% of bipolar 
patients were classified as belonging to the SCZ group and 55% 
were classified as belonging to the HC group (P > 0.05).
Discussion
Here, we explore the brain-related phenotype of a balanced 
translocation at DISC1 in the original Scottish family in which 
this genetic mutation was discovered. We focused on measures 
of brain structure and perfusion — cortical surface area, cortical 
thickness, subcortical volumes, and rCBF. Using 2 complimentary 
analyses, we found that cortical thickness was significantly asso-
ciated with a balanced translocation at DISC1. First, members of 
the same family with and without the DISC1 translocation could 
be discriminated based on cortical thickness. Second, the patients 
diagnosed with SCZ and those carrying the DISC1 translocation 
shared a similar pattern of cortical thickness despite the heteroge-
neous clinical phenotype observed in the carriers, which included 
bipolar phenotypes, recurrent depression, and SCZ. This pleio-
tropic property of variation at DISC1 has been widely reported in 
other studies as well as within the pedigree studied in this work 
(10, 11). The cortical surface area and rCBF were not sensitive to 
translocation at DISC1, suggesting that the cortical thickness phe-
notype represents a more specific feature that is shared by SCZ 
and variation at DISC1.
We observed widespread reductions in cortical thickness in the 
SCZ and T+ groups (Figure 1; all 4 groups were matched for age 
and sex) in a pattern similar to that reported by Carless et al. (29) 
related to common variants in the DISC1 genotype. Reductions in 
regional cortical thickness have been reported in psychiatric con-
ditions linked to DISC1, namely SCZ (37, 38), BP (32), and major 
depressive disorder (MDD) (39). Studies investigating subjects at 
ultrahigh risk (30) and those whose relatives suffered from either 
depression (32) or SCZ (40) also report changes in cortical thick-
ness despite the absence of the clinical phenotype. Translocation 
carriers were also found to have significantly reduced P300 ampli-
tude and latency in a manner similar to subjects with SCZ but 
distinct from that of family members who do not carry the trans-
location and control subjects (11). Therefore, carriers were found 
to resemble patients diagnosed with SCZ even though several of 
the carriers had no psychiatric diagnosis. This indicates that inheri-
tance of the translocation results in consistent disturbances in 
brain function, which may not always cosegregate with psychiatric 
diagnosis. As an example, we found that the discriminative model 
58% (7/12) of the T+ group were classified as belonging to the SCZ 
group (P > 0.05). For the rCBF, 81% (13/16) of T– group were clas-
sified as belonging to the HC group and 45% (5/11) of the T+ group 
were classified as belonging to the SCZ group (P > 0.05).
In Figure 3A, the predictive probabilities of belonging to the 
SCZ group (P[SCZ]) are plotted against the mean cortical thick-
ness. A strong negative correlation can be observed (Pearson’s 
rho, –0.86; P < 0.00001), indicating that reduced cortical thick-
ness is associated with an increased probability of belonging to 
the SCZ group and, as in Figure 1B, we observed lower cortical 
thickness in the carriers. In Figure 3B, the mean cortical thick-
ness, P(SCZ), and clinical diagnosis are displayed on an individ-
ual basis for the T+ group.
The correlation coefficient (Pearson’s rho) between the PANSS 
General Psychopathology scale (35) of the predictive probabilities 
was 0.52 (P = 0.0149) and following the exclusion of outliers using 
the Cook distance (36) was 0.45 (P = 0.0149). Considering the trans-
location positive group only, the correlation coefficient was 0.57 (P 
= 0.052) and following the exclusion of outliers was 0.47 (P = 0.14). 
The predictive probabilities of belonging to the SCZ group were not 
correlated with age or the estimated total intracranial volume.
DISC1 translocation carriers versus noncarriers. The T– and T+ 
groups were then compared directly. As the data are now used to 
train the model, we selected 14 participants from the T– group to 
match the T+ group for age and sex. The participants formed the 
group known as T–ʹ. The classification performance can be seen in 
Table 3. For cortical thickness, an AUC of 0.75 and corresponding 
accuracy of 73% were achieved, with significance at P < 0.01.
Specificity of the cortical thickness phenotype. To assess the mod-
el of cortical thickness in terms of its disease specificity, we tested 
Table 2. Lifetime diagnoses for family members with and 
without the t1:11 translocation
T+ T–
SCZ/schizoaffective 2 0
Bipolar affective disorder 1 0
Recurrent MDD/bipolar NOS 3 1
Single-episode MDD 2 2
Cyclothymia 3 0
Adolescent conduct disorder 1 0
NOS, not otherwise specified.
Table 3. Performance of classification techniques in discriminating between age- and sex-matched noncarriers and carriers of the 
translocation
Modality n AUC Accuracy Sensitivity Specificity
Cortical surface area 26 0.65 57.7% 58.3% 57.1%
Cortical thickness 26 0.75 73.2%A 75.0% 71.4%
Subcortical volume 26 0.65 61.90% 66.7% 57.1%
ASL 22 0.36 50% 45.5% 54.6%
ASL, arterial spin labeling images. AUC was extracted from the receiver operator characteristic. n indicates total number of subjects across both groups.  
AP <0.01, by permutation.
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DISC1 results in neuropathological and behavioral changes that 
are reminiscent of (but not limited to) the findings in major psy-
chiatric disorders, in particular, SCZ (41). Overall, these studies 
add to the accumulating evidence that DISC1 plays an important 
role in cortical genesis. To date, these animal studies have pro-
vided qualitative links between variations at DISC1 and SCZ. Our 
work represents one of the first studies to quantitatively compare 
the abnormalities in brain structure and function due to variation 
at DISC1 to those abnormalities associated with SCZ. We confirm 
that the pattern of cortical thinning observed in carriers of the 
translocation is highly similar to that observed in the SCZ group, 
whereas rCBF and cortical surface area do not share a common 
pattern of abnormalities.
One caveat of this study is the possible effect of medica-
tion. For the SCZ group, all but 5 subjects were medicated at the 
time of scanning. Given that the patients in the SCZ group were 
receiving different combinations of medications (mood stabiliz-
ers, antipsychotics, antidepressants, etc.) that could have differ-
ential effects on the brain, we do not expect the effect of medi-
cation to have driven the classification between HC and SCZ. 
Certainly, the predictive probabilities of belonging to the SCZ 
group did not correlate with the level of medication, as measured 
by chlorpromazine equivalents. Finally, members of the trans-
location carrier group that were identified as having a cortical 
of cortical thickness for HC versus SCZ was not sensitive to the BP 
in a clinical cohort. However, the subset of translocation carriers 
with bipolar phenotypes was indeed classified as belonging to the 
SCZ group (see Figure 3B) and the 2 carriers who were classified 
as HC both had a clinical diagnosis of single-episode MDD. These 
findings together with our data support the hypothesis that varia-
tion in DISC1 affects the normal spectrum of brain development 
and function, producing some features that are redolent of SCZ 
but are not representative of a phenocopy of the disorder. Further-
more, our data indicate that the consistency in the cortical thick-
ness phenotype of translocation at DISC1 does not simply translate 
to a consistent clinical phenotype, which is likely to be dependent 
on other factors, whether genetic and/or environmental.
The role of DISC1 has also been studied using animal mod-
els of disruption at this locus. Transgenic DISC1 mice have been 
developed using different approaches and experimental para-
digms (23–26). These studies reported enlarged lateral ventricles 
(23, 24, 26), reduced cerebral cortex (25) and the thinning of lay-
ers II/III (23), reduction in parvalbumin neurons (23, 24), and 
attenuation of neurite outgrowth in the cortex (23, 26) as well as 
behavioral changes. Ayhan et al. reported that a mouse model of 
mutant DISC1 has differential effects across various stages of neu-
rodevelopment (prenatal, postnatal, and both) (25). These stud-
ies have reported consistent findings indicating that mutation at 
Figure 1. Pattern of corti-
cal thickness across the 
groups. (A) Surface-based 
weight map showing the 
multivariate weights for 
the model discriminating 
between the HC (label –1) 
and the patients diagnosed 
with SCZ (label +1). (B) 
Box plot displaying corti-
cal thickness across both 
hemispheres and across the 
4 groups. *P < 0.05. Note 
that all 4 groups were age 
and sex matched for this 
comparison.
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Methods
Participants. Twenty-nine patients diagnosed with 
SCZ and 19 patients diagnosed with BP were recruit-
ed. Forty-one HC were recruited. Thirty participants 
were recruited from a previously reported Scottish 
family (9–11). Karyotyping using a custom PCR meth-
od (42, 43) was used to identify the presence of the 
translocation in 12 family members (translocation-
positive group [T+]) and absence in 18 family mem-
bers (translocation-negative group [T–]).
PCR typing of translocation breakpoint. The trans-
location status of all participants was tested on new 
blood samples using PCR-based methods. Primers 
were designed to span the t(1;11) breakpoint (44), using the Primer 
3 primer design program (42, 43). The translocation primers were as 
follows: t1;11_chr1TTTCTTTGGAAGGCACCTTATC, t1;11_Chr11AG-
CAAAGTGGGTGAAGAATAGAG (PCR product size, 1105 bp). DNA 
was coamplified in the same reaction using DISC1 exon 9 primers 
(DISC1, Ex9f TTCCCCAGAGGACTGCTAAG; DISC1, Ex9r AAAT-
GTCCCCAAGGAAAAGG, PCR product size, 484 bp) to verify the 
assay function. PCR was performed in a total volume of 10 μl with 20 
ng DNA, 1× reaction buffer with 1.5 mM MgCl2 (PerkinElmer), 100 μM 
of each dNTP (Peqlab), 0.5 U Taq DNA polymerase (Sigma-Aldrich), 
and 0.33 μM of each primer (Sigma-Aldrich). PCR cycling was carried 
out on a PTC-225 thermal cycler (MJ Research). PCR cycling condi-
tions consisted of denaturation at 95°C for 1 minute, followed by 10 
cycles of 93°C for 20 seconds, 70°C for 30 seconds, minus 1°C/cycle 
and 72°C for 1 minute, followed by 30 cycles of 93°C for 20 seconds, 
60°C for 30 seconds and 72°C for 1 minute, and a final extension of 
72°C for 10 minutes. Five microliters of the PCR product was resolved 
on a 1.5% agarose gel, and PCR product size was estimated against 
250 ng of λ HindIII size standard (Life Technologies).
Clinical assessment. Clinical diagnoses of all participants were 
established during face-to-face interviews conducted by a consultant 
psychiatrist using the structured clinical interview for DSM-IV (SCID) 
(45). Life-time diagnoses, according to DSM-IV criteria, were reached 
by consensus between 2 psychiatrists. If there was any disagreement 
in diagnosis, then this was resolved on discussion with the senior clini-
cal researcher (S.M. Lawrie). These diagnoses were based on the inter-
views and supplemented, where appropriate, by inspection of hospital 
case records, collateral information from relatives and carers, and 
clinical data collected at the time of previous follow-up contacts. Par-
ticipants were further assessed using the PANSS questionnaires (46). 
Symptom ratings took place within 1 week of the MRI acquisition.
Neuroimaging. Brain imaging was performed at the Clinical 
Research Imaging Centre (http://www.cric.ed.ac.uk/). The radiogra-
pher who performed the acquisition was not made aware of the clini-
cal or genetic status of the participants. Imaging was performed on a 
Siemens Verio 3T scanner using the matrix head coil with 12 elements. 
A structural brain image was acquired using a T1-weighted magnetiza-
tion prepared rapid acquisition gradient echo sequence prescribed par-
allel to the AC-PC line with repetition time (TR) = 2300 ms, echo time 
(TE) = 2.98 ms, inversion time (TI) = 900 ms, and flip angle = 9°, yield-
ing 160 contiguous 1-mm slices of 256 × 256 voxels. Perfusion imag-
ing was performed to quantify rCBF using the PICORE Q2TIPS pulsed 
arterial spin labeling sequence (22 slices, TR = 3000 ms, TE = 14 ms, 
TI1 = 700 ms, T1-stop = 1400 ms, and TI2 = 1600 ms).
thickness phenotype similar to that of the SCZ group were mostly 
medication free, with only 2 subjects medicated with both mood 
stabilizers and antipsychotics.
Another consideration is the specificity of the model trained 
to discriminate between the HC and SCZ groups. It is possible 
that the classification may be driven by nonspecific features 
related to comparing healthy with nonhealthy participants. How-
ever, for the model to perform with high sensitivity (i.e., accurate 
classification of those with SCZ), a consistent pattern of brain 
changes would need to be identified in the SCZ group; as this is 
the case reported here, we conclude that a shared pattern of brain 
changes is present in the SCZ group. To assess the specificity of 
the cortical thickness phenotype, we tested the HC versus SCZ in 
a group of patients diagnosed with BP. The BP group was random-
ly assigned to the HC and SCZ group, implying that the classifier 
is not merely a model of disease versus health but is specific to 
the pattern of cortical thinning in SCZ. We speculate that this may 
be because patients with BP have a lesser developmental compo-
nent to their adult brain structure. A longitudinal study would be 
required to fully realize the role of development in the cortical 
thickness phenotype we demonstrate here. It would also be inter-
esting to understand the results presented here in the context of 
MDD, which has been diagnosed in 5 of the T+ group (3 of which 
have a recurrent diagnosis) and 3 of the T– group (1 recurrent). 
These data could enable a richer description of the brain-related 
phenotype of variation at DISC1.
The sample size for the family is modest, which is to be 
expected given that we were limited to members of the original 
Scottish family. We believe that the uniqueness of this cohort 
serves to compensate for the modest sample size. Importantly, 
our methodology enables us to test individual family members 
using models trained with either the HC and SCZ groups or the 
family data directly.
Although implicated as a risk factor for psychiatric disor-
ders, a consensus on the role of the DISC1 gene has not yet been 
reached. Here, we identified that the pattern of cortical thinning, 
but not rCBF, cortical surface area, or subcortical volumes, is a 
robust phenotype for translocation at DISC1. The pattern of cor-
tical thinning is also highly similar to that observed in patients 
diagnosed with SCZ. The biological roles of DISC1 fit well with 
our current knowledge on the etiological roots of SCZ. Our data 
suggests that the t(1:11) translocation in this pedigree could 
increase the risk of psychiatric disorders including SCZ through 
affecting neurostructural phenotypes such as cortical thickness.
Figure 2. Prediction of belonging to the SCZ group across modalities. Contingency table 
for the family groups with and without the translocation (T+ and T–, respectively) tested 
using a classifier trained to discriminate between HC and patients diagnosed with SCZ. The 
rows represent the ground truth, i.e., T+ or T–, and the columns represent the predictions 
made by the model in relation to the HC versus SCZ contrast.
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Preprocessing. All scans were anonymized at the time of acquisi-
tion. Image preprocessing followed a set protocol, and the analysis 
protocol was strictly adhered to regardless of the genetic or clinical 
status of the participant. Structural images were processed using Free-
Surfer v5.3 (http://surfer.nmr.mgh.harvard.edu/). Volumetric seg-
mentation, cortical surface reconstruction, and cortical parcellation 
were used to quantify the thickness and surface areas of cortical ana-
tomical regions. Cortical anatomical regions were defined by the Desi-
kan-Killiany atlas (47). Subcortical volumes were defined as by Fischl 
and colleagues (48). Cortical surface area and the subcortical volumes 
were normalized by the total intracranial volume for each subject (49).
Perfusion images were preprocessed using ASLtbx (50). Briefly, 
motion correction was performed on the perfusion time series using 
6-parameter rigid body spatial transformation. The perfusion images 
were then coregistered to each subject’s structural image. The images 
were then smoothed using a Gaussian kernel, and a brain mask was 
generated. CBF quantification was performed to produce a mean 
CBF image per subject. The CBF maps were then spatially normal-
ized into a standard space using the MNI 125 averaged brain template. 
Full brain coverage was not acquired for each subject; therefore, after 
preprocessing, a consensus mask of voxels was created and applied to 
all images so that the same number of voxels was considered for each 
subject. Each image was scaled by the mean across all voxels.
Multivariate pattern classification. Multivariate pattern classification 
can be used to discriminate between groups of subjects by modeling the 
spatial pattern of brain changes (51, 52). This is particularly advanta-
geous for detecting neurobiological changes associated with psychiat-
ric disorders, which are often subtle and widespread across the brain, 
i.e., inherently multivariate. Moreover, the classifier can be trained to 
distinguish between HC and SCZ and then used to assign a probability 
of belonging to the SCZ group for independent participant data. This 
reflects how similar the underlying pattern of neurobiology for the 
T– and T+ groups is to that of either SCZ or HC. To assess the specificity 
of the HC versus SCZ model, we used the BP group as a test set.
Classification aims to learn the mapping between a multivariate 
data source (e.g., cortical thickness) and a label of interest (+1 or –1; 
e.g., belonging to the T+ or T– group) in order to predict the label for 
a new participant. An important consideration for these approaches 
is “overfitting,” whereby the model is overly complex and does not 
generalize well to new, unseen data. To help alleviate this, we used 
Figure 3. P(SCZ) from the cortical thickness classifier for the family cohort and the mean cortical thickness. (A) Mean cortical thickness plotted 
against P(SCZ) with the translocation carriers displayed in dark blue and the translocation noncarriers displayed in light blue. (B) The translocation 
carrier group displayed on an individual basis in terms of clinical diagnosis, P(SCZ), and mean cortical thickness. Conduct disorder (Ads), conduct 
disorder diagnosed as an adolescent.
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approaches that incorporate regularization that penalizes model 
complexity. Moreover, pattern recognition was performed using 
crossvalidation whereby a portion of the data was preserved for 
independently testing the model.
We employed Gaussian process classification (GPC) imple-
mented in a Bayesian framework. GPC has been well validated in 
the neuroimaging community across a wide range of applications, 
including psychiatry (53–56) and neurology (57–59). We focused 
on this approach rather than the commonly used support vec-
tor machines (60), as GPC provides similar performance and also 
probabilistic estimates of class membership quantifying the uncer-
tainty of the individual predictions. For a detailed overview of this 
approach, we refer the reader to Rasmussen and Williams (61). GPC 
was implemented using a linear model within the GPML v3.1 toolbox 
(http://www.gaussianprocess.org/gpml/code/matlab/doc/) (62).
Classification was performed to answer the following questions: 
(a) how similar are those in the T+ group to those in the SCZ group in 
terms of their brain-related phenotype (see Figure 4A), and (b) do the 
T+ group members have a distinct brain-related phenotype in com-
parison with those in the T– group (see Figure 4B)? First, we developed 
a model that discriminates between the HC and SCZ groups. To pre-
vent nuisance covariates from driving the classification, we ensured 
that the training groups were matched for age and sex. We assumed 
that test samples were independent and therefore matching across 
test groups was not required. Nonetheless, the ages of the test samples 
were in the same range as the ages of the training sample, and covary-
ing for age across training and test data did not alter the findings we 
present. The model was trained using pairwise leave-one-out cross-
validation (pLOOCV) on the HC versus SCZ data whereby all but 1 pair 
of matched subjects’ data were used to train the model and the pair 
of subjects left out was used as the test case; this process was iterated 
until each pair of subjects had served as a test case.
To assess whether the classification accuracy for a particular con-
trast was significantly greater than chance (50%), we used permuta-
tion testing. To achieve this, the training labels used for classification 
were shuffled (permuted), the classifier was trained using these per-
muted labels, and then the trained model was applied to the test data. 
The accuracy of the classifier in detecting the true test labels based on 
permuted labels is known as the permuted accuracy. The procedure of 
permuting the training labels was repeated 1,000 times to produce the 
null distribution of accuracies. We then counted the number of times 
that the permuted accuracy was greater than that obtained using the 
true training labels. This count was divided by the number of permu-
tations (1,000) to estimate a P value for the classification accuracies.
When statistically significant, the model was trained on all of the 
HC versus SCZ data and tested on the translocation groups to provide 
a prediction of which group (HC or SCZ) the data from the family 
(T+ and T-) are most similar to. To assess whether the predictions for 
the T+ and T– groups were significantly different from chance, we 
used Fisher’s exact test. We expected the T– cases to belong to the HC 
group and the T+ cases to belong to the SCZ group. As stated above, 
it was crucial to match the training data for nuisance covariates and 
then assume that the test data were drawn from the same range. None-
theless, to robustly assess the effect of age, the correlation (Pearson’s 
Figure 4. Pipeline for the 2 machine-learning schemes used in this work. (A) The classifier is trained to discriminate between HC and patients diagnosed with 
SCZ (matched for age and sex). The trained classifier is then tested on the members of the Scottish family who do not carry the translocation (T–) and those that 
do carry the translocation (T+). (B) The classifier is trained in LOOCV to discriminate between age- and sex-matched participants from the T–ʹ and T+ groups.
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correlation) between predictive probabilities of belonging to the SCZ 
group with the age of the family members was computed. For the fam-
ily, we also assessed the correlation between the predictive probabili-
ties of belonging to the SCZ group and the PANSS General Psychopa-
thology scale. As the sample size investigated here is modest, we used 
the Cook distance measure to assess whether potential correlations 
were driven by outliers in the data (36). We excluded 3 subjects with a 
Cook distance greater than 0.5 (63). If subjects reached the exclusion 
threshold, they were removed and the correlations were recalculated.
Second, the model was trained on the T– versus T+ data directly 
using LOOCV (see Figure 4B). As the family data were now used 
to train the model, the T– group was downsampled to match the T+ 
group for age and sex; we refer to this group as T–ʹ. The LOOCV pro-
cedure was implemented rather than pLOOCV, as the T+ and T–ʹ 
groups were not equally sized and hence the paired approach was 
not appropriate. To assess the relationship between the certainty of 
the predictions and the dose of medication, we tested the correla-
tion (Pearson’s correlation) between the predictive probabilities of 
belonging to SCZ group and the dose of antipsychotic medication. 
To visualize the pattern of brain regions driving the discriminative 
model, we mapped the multivariate weight patterns. These weight 
patterns are sensitive to the spatial covariance in the data; there-
fore, we avoided performing local statistical inference and instead 
considered the pattern. Note that the weights extracted from the 
Gaussian process classifier do not correspond directly to magnitude 
changes across groups, as they are influenced by additional factors 
such as variance and covariance.
Statistics. Permutation testing was used to compute the P value 
for a particular classification accuracy. To investigate the linear rela-
tionship between variables, Pearson’s product-moment correlation 
coefficient was computed and the associated P value was assessed for 
significance. The Wilcoxon signed-rank test was used to assess differ-
ences in cortical thickness across groups. In all cases, P values of less 
than 0.05 were considered significant.
Study approval. This study was approved by the Multi-Centre 
Research Ethics Committee in Scotland. All study participants gave 
their written, informed consent.
 1. World Health Organization. The Global Burden 
of Disease: 2004 Update. Geneva, Switzerland: 
WHO Press; 2008.
 2. Honea R, Crow TJ, Passingham D, Mackay CE. 
Regional deficits in brain volume in schizophre-
nia: a meta-analysis of voxel-based morphometry 
studies. Am J Psych. 2005;162(12):2233–2245.
 3. Minzenberg MJ, Laird AR, Thelen S, Carter 
CS, Glahn DC. Meta-analysis of 41 func-
tional neuroimaging studies of executive 
function in schizophrenia. Arch Gen Psychiatry. 
2009;66(8):811–822.
 4. Wright IC, Rabe-Hesketh S, Woodruff PW, David 
AS, Murray RM, Bullmore ET. Meta-analysis of 
regional brain volumes in schizophrenia. Am J 
Psych. 2000;157(1):16–25.
 5. Glahn DC, et al. Beyond hypofrontality: a quanti-
tative meta-analysis of functional neuroimaging 
studies of working memory in schizophrenia. 
Hum Brain Mapp. 2005;25(1):60–69.
 6. Lawrie SM, McIntosh AM, Hall J, Owens DG, 
Johnstone EC. Brain structure and function 
changes during the development of schizo-
phrenia: the evidence from studies of subjects 
at increased genetic risk. Schizophr Bull. 
2008;34(2):330–340.
 7.  Biological insights from 108 schizo-
phrenia-associated genetic loci. Nature. 
2014;511(7510):421–427.
 8. Ripke S, et al. Genome-wide association analy-
sis identifies 13 new risk loci for schizophrenia. 
Nat Genet. 2013;45(10):1150–1159.
 9. Jacobs PA, Brunton M, Frackiewicz A, Newton 
M, Cook PJL, Robson EB. Studies on a family 
with three cytogenetic markers. Ann Hum Genet. 
1970;33(4):325–336.
 10. St Clair D, et al. Association within a family of 
a balanced autosomal translocation with major 
mental illness. Lancet. 1990;336(8706):13–16.
 11. Blackwood DH, Fordyce A, Walker MT, St Clair 
DM, Porteous DJ, Muir WJ. Schizophrenia and 
affective disorders — cosegregation with a 
translocation at chromosome 1q42 that directly 
disrupts brain-expressed genes: clinical and 
P300 findings in a family. Am J Hum Genet. 
2001;69(2):428–433.
 12. Hamshere ML, et al. Genomewide linkage scan 
in schizoaffective disorder: significant evidence 
for linkage at 1q42 close to DISC1, and suggestive 
evidence at 22q11 and 19p13. Arch Gen Psychiatry. 
2005;62(10):1081–1088.
 13. Ekelund J, et al. Replication of 1q42 linkage in 
Finnish schizophrenia pedigrees. Mol Psychiatry. 
2004;9(11):1037–1041.
 14. Macgregor S, et al. A genome scan and follow-up 
study identify a bipolar disorder susceptibility 
locus on chromosome 1q42. Molecular Psychiatry. 
2004;9(12):1083–1090.
 15. Norlelawati AT, Kartini A, Norsidah K, Ramli M, 
Tariq AR, Wan Rohani WT. Disrupted-in-schizo-
phrenia-1 SNPs and susceptibility to schizophre-
nia: evidence from malaysia. Psychiatry Investig. 
2015;12(1):103–111.
 16. Thomson PA, et al. Association between the 
TRAX/DISC locus and both bipolar disorder 
and schizophrenia in the Scottish population. 
Downloaded from http://www.jci.org on January  7, 2016.   http://dx.doi.org/10.1172/JCI82636
The Journal of Clinical Investigation C l i n i C a l  M e d i C i n e
3 7 2 2 jci.org   Volume 125   Number 9   September 2015
Mol Psychiatry. 2005;10(7):657–668.
 17. Sachs NA, Sawa A, Holmes SE, Ross CA, DeLisi 
LE, Margolis RL. A frameshift mutation in Dis-
rupted in Schizophrenia 1 in an American family 
with schizophrenia and schizoaffective disorder. 
Mol Psychiatry. 2005;10(8):758–764.
 18. Jia P, Wang L, Fanous AH, Pato CN, Edwards TL, 
Zhao Z. Network-assisted investigation of com-
bined causal signals from genome-wide associa-
tion studies in schizophrenia. PLoS Comput Biol. 
2012;8(7):e1002587.
 19. Ayalew M, et al. Convergent functional genomics 
of schizophrenia: from comprehensive under-
standing to genetic risk prediction. Mol Psychiatry. 
2012;17(9):887–905.
 20. Tiwary BK. The severity of mental disorders is 
linked to interaction among candidate genes. 
Integr Biol (Camb). 2012;4(9):1096–1101.
 21. Sullivan PF. Questions about DISC1 as a genetic 
risk factor for schizophrenia. Mol Psychiatry. 
2013;18(10):1050–1052.
 22. Porteous DJ, et al. DISC1 as a genetic risk fac-
tor for schizophrenia and related major mental 
illness: response to Sullivan. Mol Psychiatry. 
2014;19(2):141–143.
 23. Shen S, et al. Schizophrenia-related neural 
and behavioral phenotypes in transgenic 
mice expressing truncated Disc1. J Neurosci. 
2008;28(43):10893–10904.
 24. Hikida T, et al. Dominant-negative DISC1 
transgenic mice display schizophrenia-
associated phenotypes detected by measures 
translatable to humans. Proc Natl Acad Sci U S A. 
2007;104(36):14501–14506.
 25. Ayhan Y, et al. Differential effects of prenatal and 
postnatal expressions of mutant human DISC1 
on neurobehavioral phenotypes in transgenic 
mice: evidence for neurodevelopmental origin 
of major psychiatric disorders. Mol Psychiatry. 
2011;16(3):293–306.
 26. Pletnikov MV, et al. Inducible expression of mutant 
human DISC1 in mice is associated with brain and 
behavioral abnormalities reminiscent of schizo-
phrenia. Mol Psychiatry. 2008;13(2):173–186.
 27. Cannon TD, et al. Association of DISC1/
TRAX haplotypes with schizophrenia, reduced 
prefrontal gray matter, and impaired short- 
and long-term memory. Arch Gen Psychiatry. 
2005;62(11):1205–1213.
 28. Brauns S, et al. DISC1 is associated with cortical 
thickness and neural efficiency. Neuroimage. 
2011;57(4):1591–1600.
 29. Carless MA, et al. Impact of DISC1 variation on 
neuroanatomical and neurocognitive pheno-
types. Mol Psychiatry. 2011;16(11):1096–1104.
 30. Jung WH, et al. Cortical thickness reduction 
in individuals at ultra-high-risk for psychosis. 
Schizophr Bull. 2011;37(4):839–849.
 31. Baiano M, et al. Decreased entorhinal cor-
tex volumes in schizophrenia. Schizophr Res. 
2008;102(1–3):171–180.
 32. Lyoo IK, et al. Regional cerebral cortical 
thinning in bipolar disorder. Bipolar Disord. 
2006;8(1):65–74.
 33. Callicott JH, et al. DISC1 and SLC12A2 interaction 
affects human hippocampal function and connec-
tivity. J Clin Invest. 2013;123(7):2961–2964.
 34. Pereira F, Mitchell T, Botvinick M. Machine 
learning classifiers and fMRI: a tutorial overview. 
Neuroimage. 2009;45(1 suppl):S199–S209.
 35. Kay SR, Opler LA, Fiszbein A. Positive and 
Negative Syndrome Scale (PANSS) Manual. North 
Tonawanda, NY: Multi-Health Systems; 1986.
 36. Cook RD, Weisberg S. Residuals And Influence In 
Regression. New York, New York, USA: Chapman 
and Hall; 1982.
 37. van Haren NE, et al. Changes in cortical thick-
ness during the course of illness in schizophrenia. 
Arch Gen Psychiatry. 2011;68(9):871–880.
 38. Narr KL, et al. Mapping cortical thickness and 
gray matter concentration in first episode schizo-
phrenia. Cereb Cortex. 2005;15(6):708–719.
 39. Peterson BS, et al. Cortical thinning in persons at 
increased familial risk for major depression. Proc 
Natl Acad Sci U S A. 2009;106(15):6273–6278.
 40. Goghari VM, Rehm K, Carter CS, MacDonald 
AW. Regionally specific cortical thinning and 
gray matter abnormalities in the healthy rela-
tives of schizophrenia patients. Cereb Cortex. 
2007;17(2):415–424.
 41. Brandon NJ, Sawa A. Linking neurodevel-
opmental and synaptic theories of mental 
illness through DISC1. Nat Rev Neurosci. 
2011;12(12):707–722.
 42. Untergasser A, et al. Primer3 — new capa-
bilities and interfaces. Nucleic Acids Res. 
2012;40(15):e115.
 43. Koressaar T, Remm M. Enhancements and 
modifications of primer design program Primer3. 
Bioinformatics. 2007;23(10):1289–1291.
 44. Millar JK, et al. Genomic structure and localisation 
within a linkage hotspot of Disrupted In Schizo-
phrenia 1, a gene disrupted by a translocation 
segregating with schizophrenia. Mol Psychiatry. 
2001;6(2):173–178.
 45. First MB, Gibbon M. The structured clinical inter-
view for DSM-IV axis I disorders (SCID-I) and 
the structured clinical interview for DSM-IV axis 
II disorders (SCID-II). In: Hilsenroth MJ, Segal 
DL, eds. Comprehensive Handbook Of Psychological 
Assessment: Personality Assessment. Vol. 2. Hobo-
ken, New Jersey, USA: John Wiley & Sons Inc.; 
2004:134–143.
 46. Kay SR, Opler LA, Lindenmayer JP. Reliability 
and validity of the positive and negative syn-
drome scale for schizophrenics. Psychiatry Res. 
1988;23(1):99–110.
 47. Fischl B, et al. Automatically parcellating 
the human cerebral cortex. Cereb Cortex. 
2004;14(1):11–22.
 48. Fischl B, et al. Whole brain segmentation: auto-
mated labeling of neuroanatomical structures in 
the human brain. Neuron. 2002;33(3):341–355.
 49. Westman E, Aguilar C, Muehlboeck JS, Sim-
mons A. Regional magnetic resonance imaging 
measures for multivariate analysis in Alzheimer’s 
disease and mild cognitive impairment. Brain 
Topogr. 2013;26(1):9–23.
 50. Wang Z, et al. Empirical optimization of ASL 
data analysis using an ASL data process-
ing toolbox: ASLtbx. Magn Reson Imaging. 
2008;26(2):261–269.
 51. Kloppel S, Abdulkadir A, Jack CR, Koutsouleris 
N, Mourao-Miranda J, Vemuri P. Diagnostic 
neuroimaging across diseases. Neuroimage. 
2012;61(2):457–463.
 52. Doyle OM, Mehta MA, Brammer MJ. The role of 
machine learning in neuroimaging for drug dis-
covery and development [published online ahead 
of print May 28, 2015]. Psychopharmacology (Berl). 
doi:10.1007/s00213-015-3968-0.
 53. Mourao-Miranda J, et al. Pattern recognition 
and functional neuroimaging help to dis-
criminate healthy adolescents at risk for mood 
disorders from low risk adolescents. PLoS One. 
2012;7(2):e29482.
 54. Rocha-Rego V, Jogia J, Marquand AF, Mourao-
Miranda J, Simmons A, Frangou S. Examination 
of the predictive value of structural magnetic 
resonance scans in bipolar disorder: a pat-
tern classification approach. Psychol Med. 
2014;44(3):519–532.
 55. Lim L, et al. Disorder-specific predictive clas-
sification of adolescents with attention deficit 
hyperactivity disorder (ADHD) relative to autism 
using structural magnetic resonance imaging. 
PLoS One. 2013;8(5):e63660.
 56. Hahn T, et al. Predicting treatment response to 
cognitive behavioral therapy in panic disorder 
with agoraphobia by integrating local neural 
information. JAMA Psychiatry. 2015;72(1):68–74.
 57. Young J, Modat M, Cardoso MJ, Mendelson A, 
Cash D, Ourselin S. Accurate multimodal probabi-
listic prediction of conversion to Alzheimer’s dis-
ease in patients with mild cognitive impairment. 
Neuroimage Clin. 2013;2:735–745.
 58. Doyle OM, et al. Predicting progression of 
Alzheimer’s disease using ordinal regression. 
PLoS One. 2014;9(8):e105542.
 59. Ziegler G, Ridgway GR, Dahnke R, Gaser C. 
Individualized Gaussian process-based predic-
tion and detection of local and global gray matter 
abnormalities in elderly subjects. Neuroimage. 
2014;97:333–348.
 60. Zarogianni E, Moorhead TW, Lawrie SM. 
Towards the identification of imaging biomark-
ers in schizophrenia, using multivariate pattern 
classification at a single-subject level. Neuroimage 
Clin. 2013;3:279–289.
 61. Rasmussen CE, Williams CKI. Gaussian Processes 
For Machine Learning. Cambridge, Massachu-
setts, USA: MIT Press; 2006.
 62. Rasmussen CE, Nickisch H. Gaussian processes 
for machine learning (GPML) toolbox. J Mach 
Learn Res. 2010;11:3011–3015.
 63. Kherif F, Poline JB, Meriaux S, Benali H, Flandin G, 
Brett M. Group analysis in functional neuroimag-
ing: selecting subjects using similarity measures. 
Neuroimage. 2003;20(4):2197–2208.
Downloaded from http://www.jci.org on January  7, 2016.   http://dx.doi.org/10.1172/JCI82636
